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ABSTRACT 


Double cantilever beam specimens containing various fibers as rein-~ 
forcement in epoxy and polyester resin matrix materials were tested for 
fracture toughness. Specimen geometry and test procedures were similar 
to those used for similar tests on un-reinforced thermoplastic and thermo- 
setting resins. Fibers were oriented perpendicular to direction of crack 
growth in a single layer at mid thickness of the test specimen. Fracture 
toughness was Fett to be sensitive to fiber debonding, fiher density, 
test specimen web thickness, and distance of crack tip in the matrix 
material ahead of the point where the last fiber had fractured. Fiber 
bundle debonding was found to be a function of fiber extensibility, fiber 
to matrix bond strength, and shear strength of the resin. Debonding in 
the radial direction around the fiber bundles may have a greater effect on 


fracture energy than does debonding along the length of the fibers. 
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The increasine use of fiocer reinforced plastic matrix composite mate. 
rials has demonstrated the existing structural votential of these materials 
jor many industrial uses, some of wnicn ere aircraft and aero space, con- 
Perverton, Corrosion resisvant materials, industrial equipment, watercraft 
and ovher mérine uses, and transportation. During the period from 1957 to 


1970, use of these materials in the various industries hes shown an average 


w 


OL a sevenfold increase with an even greater growth predicted in the 


coming decade.* (1) With the increased useze of this tyve cojuposite mete-~ 


to solve many orocuction and product probdicris. 


x 


rial, technology has manased 


' ’ 


However, the level of theoretical investigation of tnese materials has not 


oo 


Pemempace NOr produced reliable data and criteria enaclint the engineer or 


designer to eccurately determine the matericl necessary to meet nis needs 
Wie Particular aoplication. The majority of the design practices in use 
today ere oased uson past experience or recuire testing of a prototype v0 
Geweomiine Af the design and the material are adequate to meet tne service 
requirements.” ” 
Some of tne cnaracteristics of fiber reinforced resin matrix compos~ 

ite meterials make thea particularly desirable in many applicationse Such 
characteristics as being able to be tailored to a specific need, high 


streneth to weight ratio, resistance to many degrading environments, ana 


8. 20S CEO PE ee a I a Ee 
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+ Numcters in parentheses indicate references at the end of the tex 


*“% This may be evidenced by the construction and current testing oy the 
U.Ss Navy of a full scale widship section of a proposed ‘inesveener ship 


design using a fiber reinforced resin composite hull material. 


eee 





ease of maintenance are only a fet. 

Tnese materials are not without their shortcomings. . When thermoset 
tang polymer matrices are used in the fabrication of these materials, 
their usefulness is seriously limited by their brittleness and suscepti-- 


(2) 


bility to crack initiation and propagation. Wonen materials show this 
usceptibility, their application is limited to stress levels very much 
jower than might be expected in relation to their ultimate tensile stress. 
Fracture toughness of a material is a measure of the ability of a 
material to resist the initiation and unstable propezation of cracks in 
the Material. These cracks may be initiated at flaws in the material. or 
at points in the ee where stress mey be concentrated due to design. 
The fracture toughness testing of fiber reinforced resin composite mate- 
rials is still in the developmental stages. <A preat deal of fracture 
toupnness testing has becn acco;plished with metals which exhibit a 
brittle behavior, (3) (4) (5) but it is doubtful whether the procedures devel- 
eee for these materials may be used for testins of composite materials. 


(6) 


It has been nearly five decades since Griffith set forth his 


theory of brittle fracture, and this theory has teen successfully applied 


(7) 


tO a Wide range of naterials. Other investigators such as Irwin, Oro- 


(8) vies) 


wan, and Irwin and Ki have proposed an alteration in the Griffith 
theory by the combinine of eny fracture mechanism operating in a material. 
into Griffith's surface energy term (”). The central idea of Griffith's 
theory is that the strain energy introduced tate a material during loading 
is replaced by a surface energy as a crack propagates through the material. 
When the rate of change of strain energy with crack length is ecual to tne 


rate of change of surface energy with crack length, unstacle crac« Dropa- 


B11. 





gation will result. Wiberglass reinforced resin matrix materials commonly 
display an effective surface energy (Y) more than 1000 times greater than 
‘ ak < ali 2 5 (10) 
Pietesnowl by elther of the components in their bulk forn. 
This investigation was undertaken in an attempt to determine why 
fiber reinforced resin matrix materials are tough, and the fracture mech- 
anisms through which this fracture tovghness is evidenced. Several in- 
vestigators have revorted studies which are of interest in this work. 


Ga? 


Hullin, eu al. have experimentally studied some of the basic fracture 
mechanisins exnibited by single fibers of a variety of materials in an 
epoxy matrix. A discussion of a number of types of fracture which may 
occur, devending upon the properties of the particular fiber or matrix 
material and upon the degree of adhesion between the components, is pre- 


) 
(10) (12, have also 


Sented. Outwater and Carns and Outwater end Murphy 
Studied the fracture of sinzle fibers imbedded in a matrix materiel with 
particular emphasis placed vpon the cnergy necessary. to fracture a fiber 
which debonds from and pulls out of the matrix material. They concluce 
that this mechanism is the major contributor to the fracture energy of 


mmese macterialsse 
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TL. PROCEDURE 


According to the Griffith ee the fracture surfece energy (Y) 
is the amount of energy required to produce a unit area of fracture sur- 
face. This energy may be regarded as one measure of the resistance of a 
material to the initiation of and the rapid propagation of a crack through 
the material. Experimentally, a measure of this fracture surface energy 
()) may be obtained using tensile specimens containing defects of a know 
size. Another method of measuring this energy is the use of a cleavare 


(13) (44) 


technicoue as proposed by Berry. Berry, as well as Broutman and 


: bp ; A 
moc ery, | 5) made use of this technicue to measure the surface energy of 


(16) 


isotropic glassy polymcric materials. Hoagland appliied the technique 
to measure the plain strain fracture toughness of metals, which may or mey 
not exhibit isotropic properties depending upon the prior history of the 
metal and sample selection. Ferry conducted an extensive analysis of the 
cleavage technique as to the possible sources of error in the results pro- 
duced by the technique and the overlying assumptions. Gillis and Gil- 

ac also conducted 2a mathematical analysis of the techniaue as to the 
possible sources of error. FEoth investigators conclude that if the system 
behaves in an essentially linear manner, the approximations of elementary 
beam theory are substantially correct. Berry further found that the un- 
certainty in the value of the fracture surface enerzy obtained from the 
tensile samples is usually not less than S 30 percent. Although this dis- 
crepancy is small when compared to the actual and theoretical values of 


this parameter, it is much greater than desirable if values of fracture 


3 








surface energy for different polymeric materials are to be compared. 

The double cantilever beam cleavese techniaue was selected for use in 
this study for the following reesons: 

1) The values obtained for the fracture surface enerry (¥) are more 
accurate and consistent than those obtained using the tensile 
techniaue. 

2) The tensile technique develops inherently unstable, rapid crack 
propagation whereas the cleavere technique results in an inherent- 
ly stable, slow crack propagation allowins study of the material 
as the crack propagates through it. 

3) The value of the fracture energy may be obtsined from a single 
specimen. 

4) Fracture energy may be calculated directly from the recording 
Ciet te iweesctraicivicrierd Manner, 

5) The SiGe os of fracture energy using the cleavage technique 
does not require knowledge of the modulus of the material. 

Using the cleavage technique, a crack is caused to propagate along 
the median plane of the bear sample by forces applied at the free ends of 
the specimen (Figures 1 and 2). The crack is constrained to the median 
plane by the slots milled in the test specimen. These slots are as pro- 
posed by Berry for isotrovic materials and are even more necessary for the 
fiber reinforced specimens which are anisotropic. Since the fibers imvart 
a large amount of additional toughness to the material, the crack has an 
even greater tendency to leave tne slot, particularly when Large numbers 
of fibers ere used. Because of this tendency, low deflection rates are 


required durins the test and in some instances, tne specimens nad to be 


fie 
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further modified by the addition of aluwinum strips along the length of 
the beam. ‘The detsils of specimen preparation end modification are con- 
veined in Appendix A. Ficure 3 shows the detail of the standard test 
specimen used. The dimensions as used for the standard test specimen were 
found to be sufficient to develop the full strensth of the fiber as well 
as be convenient for preparation and machining as discussed in the Dis- 
@tssicen Of Results section. 

The svecimens were tested on an INSTRON Universal Testing Machine 
with a 1000 pound loed cell. The specimens are pinned to the loading arms 
using the holes drilled for such purpose (Figure 1). <A suitable chart 
speed that is compatible with the crosshead rate being used is selected. 
the specimens are then tested using a constant deflection rave and the 


ale 


frecture energy is calculated directly from the INSTRON recording chart as 


wijl be cxplained in the Results section. As explained previously, low 
deflection rates (generally .01 inches per minute or less) are required 
due to the tendency of the crack to leave the slots at hisher rates. 

Due to the transparency of the matrix materials used, the crack may 
be readily observed as it propagates througn the material. Suitable 
notation may be made on the recording chart to record the progress of the 
crack in the matrix and the fracture of the fiber bundles. The behavior 
of the fibers and the matrix materials also may be observed while subject 
to the action of the propagating creck. 

The matrix materials to be used in this investigation are thermo-~ 
setting resins. The resins selected were JAIMINAC 4173 Polyester Resin 


(American Cyanimid Company) cured usin 2 percent methyl ethyl ketone 


peroxide, and EPON 828 Evoxy Resin (Shell Chemical Comreny) cured using 5 
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© Curing jgent D. Fibers used in preparing the speciniens were as follows: 


Z) 


3) 
1) 
oy, 


6) 


7) 


Viber bundles extracted fiom Style 181 fiberglass cloth (Stevens 
Wiberplass), Eeplass fiovers. (Style 181 cloth) 

Eeglass fider bundles of essentially rectangular cross section 
Poco bape Lass) 

Nylon 6 fiber bundles. 

Beta gless fiber bundles. 

Thornel Graphite fiber bundles. 

Eundiles of syntnetic fiber manufactured by Honsanto Corporation. 
(Monsanto Tvpe I) 


Single filament glass fibers of .01 and .005 inch diameter. 


The properties of the materials used are presented in Appendix B. 


The 


Parameters to be investigated in determining the effect on the 


fracture energy of a fiber reinforced resin matrix material are: 


1) 


2) 


3) 


i) 


5) 
6) 


MereeuyOt Matrix Loughness = the tivo matrix matev~ials were selected 


na 


to observe the effect on fracture energy of an anproximate five 
fold increase in matrix tougnness when used with a given f1der 
material reinforcement. 

“ffect on fracture energy of different fiber wundile material in the 
trio oor Matrices. 

Hffect on fracture enervy of changing specimen geometry, notebly 
the specimen heignt and web thickness. 

Gualitative effect of ficer dedoncing on fracture energy. 

Effect of fiber twist on the fracture energy. 

Effect of fiber censity (number of fiber bundles per inen of test 


section) on the fracture surface of the specimen. 
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TIT. RESULTS 
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The general procedure for cetermining the fracture surface energey 


from a douole cantilever beam specimen involves the determination of the 


peam parameter (N) from the test data. The effective surface energy cor- 


responding to points where the crack leneth was noted curing the test may 


then be computed. The beam parameter (i) can be determined from the force 


equation for a generalized ree 


ro ad 
4k 
where 
f = applied force 
a = f£(ET) 
5 = deflection 
1 = crack length 


Values of (N) may then be determined from the gravn of log £/s 


Versus log 1, the slope of the curve ceing ccual to 
of (N) so obtained, the fracture surface energy may 
applying the Griffith relation relatins the elastic 
beams to the surface energy necessary to create the 


The elastic strain energy in the beam is given 


Wes 1G 
Z 

= 1 28° 

2 UN 
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(1). With the value 


then be determined by 


strain energy of the 


Praccvure Ssurlace. 
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The fracture surface energy of a propagating. crack is given by: 
pare 7) 


where: 


' 


Seem CU ee Vor 
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W 


1 


width of the crack at the fracture surface 


Pooeteyine the Griffith criteria: 
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ee 
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This procedure was found to be unsatisfactory for specinens contain.. 
ing fiber reinforcenent (an anistropic material) as the data ootained on 
the recording chart (Figure 4) is too irregular resulting in inconsisten- 
cies in tne computed fracture surface enerzy. 


oroducible re.- 


A method which has been found to yield reasonably re 
sults for the fioer reinforced resin matrix composite materials is to 
Civide the change in the area uncer the force~deflection curve (INSTROH 
output recording ~ Figure 4), between points where the crack length was 
noted on the IWSTRON recording chart, by the surface area of the crack be- 
Ieen these two points. The length of the ee (1) used in these calcu~ 
dations is generally the length fron the first fiber bundle of the test 


section to the last fiter bundle broken during the test, as cetermined 


from the test specimen. The use of cross polarized light to otserve the 
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specimen during the test enables the observer to accurately determine the 
position of the lest broken fiber by observation of the stress patterns in 
the naterial. 

Usang the INSTRON output recording: 


qu 


y = Ats 
Zul 


where; 
Y an eae a 
— eae ulre Cnerecy 
A = area as measured from force deflection chart 


Tt = apolied force scale of tne recording chart - 
pounds/ineh 


Sea See le’ [accor 


LNSTHON crossnead rate 
INSTROW chart rate 
t = width of the crack at the fracture surface 
t = web tnickness 
i = crack lengtn ae measured fron the specimen 
For specimens without fiber reinforcement, the values obtained for 
the fracture energy oy this method are in good agreement with the values 


— ©) 


obtained by the more general procedure of determining the beam parameter 


PG HG oD) bo | Ra. 
ore )¢ POlE=specimens Vita Liber 


e@emvbsiizing the Griffith cri 
reinforcement, the values of fracture surface energy obtained by this 
metnod are generally within 15 percent or less of the average value for 
the particular specimen configuration. . 

Tae Most consistent results are obtained when the crack is allowed to 


properate 2 1/2 to 3 inecnes througn the fiber bundle test section. Devi- 


ations in the results become more significant when very short or very long 





crack lengtns are used due to the end effects. This was also found to be 


Ge) 


true by Berry Petes lSeGe Se unoo1c Dolyoeric materials, 
Mie volume fraction of fibers (Ve) contained in a test specimen may be 
related to the fiber density (n) of the specimen by the following: 


(1) V eeavolume oO: tibers 
le Sr an PS PE en ee 2 A a” ee Oe 


—— ee 


total volume of specimen 
n'Aph 
= 
where: 
n' = number of fiber bundles contained in specimen 
heweercross SeCtion area of fiber bundles 
h = length (height) of the fiber bundles 
t = weo tnickness 
h = bean height 
1 = length of svecimen 
By dividine the numerator and denominator of equation (1) ody the 
length of ths specimen, equation (2) results: 
! 
a Yr = tae 
Since n'/l = fiber bundle density (n) and the area of the fiber bun- 
dles (Ay) may be considered to te constant for a particular fiber in a 


Beewecular .avrix material: 


(3) Vp x 
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Using the proportionaiity of the volume fraction of fibers to the 


fiber bundle density (n) and the web thickness (t), the trend of percent 


enanse in fracture energy with percent change in volume fraction of fibers 


See 





may be determincd without accurate measurement of.the cross section area 
@eecne fibers. 

Tne results of the experiments conducted are displayed in the form of 
tables and graphs at the end of this section. The data from which these 
tables and graphs are constructed is presented in its entirety as Appendix 
Ce 

fine results for the web thickness (t) tests ee EO Iai Nees 
rials with no fibers are presented in Table 1 and Figures 5 and 6. For 
this test series, specimens of standard diriensions as discussed in tne 
Procedures Section were used with the exception that the wed thickness (t) 
Was Varied from .04 inches to .10 inches in .02 inch increrents. For the 
LAMINAC 44173 polyester resin matrix, the fracture surface energy (“) in- 
creases witn increasing web thickness. Itis not a linear increase, nou- 
ever, as doubling the web thickness does not result in an increase in 
fracture surface enersy by a similar factor. For the EFON 828 epoxy resin 


he fracture surface energy decreased with increasing wed thick- 


Gr 


Matrix, 
ness. As with the polyester resin, tne decrease observed is not linear in 
Piemmecoubling tne web thickness does not result in decreasing wne fracture 
energy by a factor of one-half. However, for both of the resins used, the 
respective increase or decrease of fracture enersy is constant with 
chansing web thickness. 

The results of a similar series of web thickness tests for fiber re- 
inforced specimens of the two watrix materisls is presented in Table 2 and 
Ficures 7 and 8 For this test series, 2 standard specimen using Style 
181 Cloth fiber bundle reinforcement at a density of 10 bundles per inch 


Was prepared. This density was held constant as was the heignt of the 


ae 





beams and the specimen length. The wed thickness (t) wes again varied 
from -04 inches to .10 inches in .02 inch increments. For svecinens with 
the LAMINAC +173 polyester resin matrix, the fracture surface energy de-- 
creases with increasing web thickness (t). For 2a web thickness greater 
than .08 inches the decrease in fracture energy with increasing web thick~ 
ness appears to be constant. The specimens with a web thickness of .10 
inches were modified with eluminun strips wnich generally results in a 
higher value of fracture energy than would be obtained for an unmodified 
specimen. For the specimens using the EPON 828 epoxy resin matrix, frec- 
ture surface encrgy 2lso decrcases with increasing web thickness (+t). 

The eae line on Figures 7 and & represents the fracture energy re- 
Sulvine if irebd thickness is assumed to be constant at .04 inches. If web 
thickness hed no effect on the fracture energy of these specimens, this 
curve should be @ horizontal, straight line. ‘This would also be indicated 
gm the resuiis by a dounlins of the ereéa under the force-deflection curve 
(Figure 4) if the web thickness is doubled, or the fracture energy computed 
should be reduced by one~half if the wed tnickness is doubled, indicating 
a cOnsvane. area under the force-deflection curve. These dasned curves on 
Pucurcs 7 and 8 indicate that the fracture energy for the EPON 828 speci~ 
mens Nas very little dependency on the web thickness. 

The results of a series of tests to determine tne effect of changing 


the effective height of the specimen arms 1s presented in Tables 3 and 4 


ame Naa 


and Fisures 9 and 10. For this test series, a standard specimen with a 
fider bundle density of 10 bundles per inch of the Style 181 Cloth fiber 
bundle and a web thickness of .0S inches was used. The heignt of the beams 


(h) was varied from .5 inches to 1.0 inches in .1 inch increments. for 





both of the watrix materials, LAHINAC 4173 polyester resin and BFON 828 
epoxy resin, the results indicate that the fracture energy is constant with 
gnereasing beam height. ‘The value of fracture surface energy is slightly 
higher for the epoxy resin matrix composite than for the polyester resin 
MAtLIX 

The most extensive series of tests was conducted on composite speci- 
mens of Style 181 Cloth fiber bundles in a LAIHINAC 4173 volyester resin 
matrix with svecimen web thickness (t) egual to .0% inches. Fiber bundle 
density was varied from 1 bundle per inch to 60 bundles per inch. The re- 
sults of this test series are presented in Table 5 and Figures 11 and ila. 
Figure ita is an expanded presentation of the results contained in Figure 
1i for low fiver densities. Above a fiber oundle density of 20 bundles per 
inch, the specimens had to be modified with aluminum strips (see Appendi:: 
A) in order to prevent premature failure of the specimen by the crack 
leaving the slots ond CUM erOmune Uotor and lover Surtaces of the 
specinen. 

the results for these specimens with a .O04 Anch web thickness appear 
to be linearly increasing through a range o2 bundle density of about 25 
mundles per inch zt which point the slope begins to increase with further 
increase in bundle density(n). 


The results of a similer series of tests with the Style 181 Cloth 


wt 


fiber bundle reinforcenent in the LALINAC 4173 vcolyester tesin with a wep 


oO 
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thickness of .03 inches are presented in Table 6 and Figure 12. These 
specimens indicate an increasing slope of fracture energy with increasing 
fiber bundle density up to a density of about 25 bundles per incn at which 


point the curve appears to bdecor:e lineer. his is onposite to the behavior 


ae. 





observed with the lesser web thickness. 

The results of a similer series of tests on specimens with Style 181 
Cloth fiter bundles in EPON 828 epoxy resin matrix materials ere shown in 
Table 7 and Figure 13. The valuc of fracture surfece enerry increases 
approximately linearly up to a fiber bundle density of about 30 bundles per 
inch where it begins to level off. 

Figure 14 shows the conperison of fracture surface energy for the 

tyle 181 Cloth fiber bundles in the tuo difforent matrix materials. Fige 
ures 15 and 16 show the results of fracture surfece energy divided by the 
Fiber bundle density for the Style 161 Cloth fiber bundles in the two me-. 
eteerevcrials. With increasing buncle density, the contricution of the 
individual fiber bundles to the toughness decreases although the total 
toushness increases for the cpoxy resin system. For the polycster resin 
composite, the contribution to the fracture energy by the indivicuel oun. 
dles appears to reach a minimum value at aporoximately 25 bundles per inch 
where the bundle contribution anoears to increase with increasins bundle 
density. This effect was observed for botn the .04 inch and .03 inch web 
thickness specimens. 

The next series of tests utilised an E-glass fiber bundle of a rlat 
rectangular cross section with no twist to the fiber bundles. The results 
for these fibers in the LANTI!AC “173 polyester resin are showm in Table & 
and Figure 17. A great deal of data scattcr was associated with these 
specimens and the results may not be representative of the actual behavior. 
Table 9 and Figure 18 show the results of the same fiber in the =PON 828 
epoxy resin matrix. These results aopsar to be linearly inereesing 


throughout the rane of bundle density investigated. Fieure 19 is the 





rm 


comparison of the flat k-glass fibers in the two matrix materiezls. Figures 
20 ana 21 show the results of fracture surface enerpy divided by fiber bun- 
SeewcCensity lor the flav E~glass fibers in the two matrix materials. 

@ scrics of tests was conducted on specimens utilizines a Eeta~glass 
fiver bundle in the LANINAC 4173 polyester resin and EPON &28 epoxy resin 
matrices. ‘The results for fracture surface energy of these fibers on the 
polyester resin matrix are shotm in Tables 10 and 11 and Figures 22 and 23. 
As)With the other types of fibers utilized in the tests, specimens with the 
LARINAC 4173 polyester resin matrix required modification with aluminum 
strivs at a bundle density of 20 bundles per inch and greater. Specimens 
or the beta--glass fiver bundles in the EPOW 828 epoxy resin matrix exhibit-. 


ed an almost linear increase in fracture energy with increasing fiber bun- 


2 
dle density throughout the range of bundle density investigated. Figure 24 
Memmpee@encotverison of the fracture energy versus the fiber bundle density 
for the Bveta~glass fibers in the two matrix materials. This is an inter- 
Gstine® comparison in that it shows the fracture energy for the polyester 
fe-eanemacvrix increasing more rapidly than that for the evoxy resin matrix 
above a bundle density of about 25 oundles per inch. Figures 25 and 26 
show the fracture energy diviced by the bundle density versus the bundle 
Gensity for the polyester resin and the epoxy resin matrix specimens re- 
eectuively, ithe individual cundle density contribution for the eroxy 
meurix composite is less than tnat for tne polyester resin matrix com- 
DoS LC. 

Table 12 and Figure 27 detail the results of a series of specimens 
containing a Thornel 50 graphite fiber bundle reinforcement in an EPO! 325 


Meory resin Matrix. These svecimens exhitited the greatest fracture energy 


on ZS 9 ae 





of any of the materials investigated. Figure 28 exhibits the decrease in 
andividual fiber bundle contribution to the fracture energy for the Thornel 
50 fiber reinforcement, and this decrease is essentially linear within the 
Penge Of fiber density investigeatec. 

Another scries of tests was conducted using a Monsanto Type I experi- 
Meera iiber 2s reinforcement in an EPON 828 epoxy resin matrix. Table 13 
ana Figure 30 display the results of this test serics. The results for the 
fracture energy exhibited by this specimen are high in couiparison to the 
results ootained using glass fiber bundle reinforccnent. Figure 29 shows 
the decrease in the individual fiber bundle contribution to the fracture 
energy with increasing fiber density for the Monsanto fibers. 

Figure 31 shows the relative comoarison of the fracture energy oodtein- 
ed with the various fiber bundles as reinforcement with a LAMINAC 4173 
polyester resin matrix composite. Figure 32 snows the comparison of the 
individual fiber bundle contricution to the frazture energy lon Adie eas ine 
fiber bunale censity for the same comoosite systems. 

Figure 33 shows the comparison of the individual fiber bundle contri- 
Buveon to tne fracture energy with increasing bundle density for the PON 
626 epoxy resin matrix system. Figure 34 exhibits the comvarison of the 
fracture energy ootained witn the various fiber bundles as reinforcement in 


an HPON &25 epoxy resin matrix system. This data is perhaps more meaning-~ 


"3 


ful in that only a few of the specimens required modification with aluninum 
Etmips LO prevent premature failure during testing. 

When using Figure 31 through Figure 34, care should be exercised to 
remember the characteristics of the indivicual fiter bundles used as rein~ 


forcement and the comparison of these characteristics tetveen the respec-- 


a) 





fevers ibers. Jie to the variation in the bundle characteristics, the 
curves may not be directly conpared one arainst tne obtner. 

Using eauation (3), the voluae fraction of fibers (Vp) was deternined 
for the web thickness tests and the fiber density tests using the Style 181 
Cloth fiber bundle reinforcement (Table 14). Using a common base volunie 
ieaction (Ve) of 125 K for these tio test scries, Figure 35 details the 
mereent increase of fracture energy with percent increase in volume frac- 
tion oi Fibers 2s computed from the base value. The web thickness tests 
resulted in a much larger percent increase in fracture energy than was ob- 


A 


served ior the fiber density studies with web thickness equal to .08 inches 

at comparable percent increases in volume fraction of fibers. It is signi- 

ficant to note that the fiber density tests for the polyester resin com- 

posite with wed thickness of .04 inches forms a continuation of the web 

thickness tests for the same resin system of volume fraction increases 

above 100 percent. within the volume frecvtion ranre from zero to 100 per-. 
; ’ 


cent, these two curves, obtainec from different test specimens, appear to 


De essentially coincident. tne divergence of the wed tnickness results as 


m9 


extent OL 


}—! 


eonpared to the fiber density results indicates that the latere 
the matrix material around the fiber bundles mey be sivnificant, particu-~ 
tarly at low fiber density. This is supported by thc results of the poly- 
esvcer resin fiber censity resulvs witn the two different wed tnicknesses, 
the thinner web thickness yiclding larrer percontaze increases in fracture 
energy with increasin= volume fraction oF fine 
Figures 36 and 37 detail the results of percent increese in fracture 


enerry with percent increase in volume fraction of fibers for the various 


fiber bundle reinforceuents in the nolyester and epoxy resin matrix mate- 
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Prials respectively. Tne percent chanses for these firures is measured with 
respect to the specimen with the lowest volume fraction of fibers. 

Table 15 details the results of some specific tests conducted as a 
prelininary investigation of the effect of such parameters as coating on 
the fiber bundles, twist of the fiber bundles, and toughening of the resin 
CTBN rubber particles, and the fracture energy of tne model 


metrix Using 


composite. 

Additionally, a test specimen series was prepared usine a Nylon 6 
fiber bundle as reinforcement in the tuo resvective metrix materials. 
Peete Censities of 10 and 20 bundles per inch were used. The specimens 
using the polyester resin matrix failed by crackins out the side even when 
the specimens were modified with aluminun strivs. The epoxy matrix speci- 
mens at a density of 20 bundles per inch failed by a similar mecnanisn. 
Results were odtained with the Nylon 6 fiber bundles at a density of 10 
bundles per inch in the epoxy matrix (Table 15). The fracture energy re- 


corced was the highest for any of the specimens tested. 
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FIGURE 5 FRACTURE ENERGY vs WEB THICKNESS: LAMINAC M4 73 POLY- 
ESTER RESIN - NON-REINFORCED RESIN. 
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FIGURE 6 FRACTURE ENERGY vs WEB THICKNESS; EPON 828 #POXY 
RESIN = NON-RETNFORCED RESIN, 
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PIGURE 7 FRACTURE ENERGY vs WEB THICKNESS; J.AMINAC 8173 POLY- 
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TABLY 4 
BEAM HEIGHT EFFECT, FIBER REINFORCED RESIN WITH STYLS 181 CLOTH FIBERS 
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FIGURE 9 FRACTURE ENERGY vs BEAM HEIGHT; LAMINAC 4173 POLY-~ 
ESTER RESIN WITH STYLE 1814 CLOTH FIBERS A7 10 
BUNDLES /INCH. 
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FIGURE 10 FRACTURE ENERGY vs BEAM HEIGHT; EPON 828 EPOXY REST 
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LAMINAC 4173 POLYESTER RESIN ~ STYL® 181 CLOTH FISER BUNDLE REINFORCaHEST 
WEB THICKNESS .04 INCH#S 
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TASL 5 (Continind) 
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FIGURE ii1A FRACTURE ENERGY vs FIBER DENSITY, LAMINAC 4173 POLY-- 


ESTER RESIN ~ ST2.5 181 CLOTH FIBER REINFOPCEHHENT, 
WEB THICKNESS .04 XNCHES. 


ar 





TABLE 6 
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A = Specimens modified with aluminum strivs. 
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FIGURE 18 FRACTURE ENERGY vs FIBER DENSITY, EPON 6820 EPOXY 
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FIGURE 24 COMPARISON OF FRACTURE ENERGY vs FIBER DENSITY FOR 
BETA GLASS PIBERS IN EPON 828 AND LAIINAC 4173 
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FIGURE 25 FIBER CONTRIBUTION TO THE PRACTURE ENERGY; LAMINAC 
L173 POLYESTER RESIN - BETA GLASS FIBER BUNDLES. 
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FIGURE 26 FIBER CONTRIBUTION TO THE FRACTURS ENBRGY; EPON 
626 EPOAY RESTN - BETA GLASS FIBER BUNDLES. 
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FIGURE 23 FIBER CONTRIBUTION TO THE FRACTURE ENERGY; EPON 828 
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FIGURE 30 FRACTURE ENERGY vs FIBER DENSITY, EPON 828 EPOXY 
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FIGURE 31 COMPARISON OF FRACTURE ENERGY vs FIBER DENSITY FOR 
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POLYESTER RESIN MATRIX. 


65: 





ae 
n 





DLE DENSITY 





N 
4 





si 
Nw 


FRACTURE BNERGY 


FIGURE 


N 
DENSITY 


reo 
Bk 
ey 
Lo 


BUND 


FIGURE 






PLA hy = GL Meo 


BETA GLASS 


a ay ei pele 
CLOTH 


ars ae | mea Se | 
0 LO 20 30 49 
Fiber Bundle Density (n) Bundles/inch 







32 COMPARISON OF FIBER COWTRIBUTION TO THE FRs CTURE 
ENERGY FOR VARIOUS FIBER REINFORCING MATIERIALS IN 
LAMINAC 4173 POLYESTER RESIN MATRIX. 
nO _ 
si 
Bons 
THORNE L 

5S - 
MONS ANTO 

t; 

3 Se BETA GLASS 

eee Ee eee Ss ery ass eel 

RO FLAT E=-GLASS CLOTH 

9 
0 19 20 30 Lio 


Fiber Bundle Density (n) Bundles s/inch 


33 COMPARISON OF FIBER CONYTRIBUTION TO THE FRACTURE 
ERERGY FOR VARIOUS FIBSR REINFORCING MALERIALS IN 
EPO? 828 BPOKY RESIN MATRIX. 


66. 





THORNE DL 


=o 


MONSANTO 


f=_' 
NO 


BETA GLASS 


STYLE 18] 
A CLOTH 


ng) 


\O 


FLAT 
E=-GLASS 


Fracture Energy ( ”“ ) ergs/en* x i0 
©o 


Sia 


Ly 


ee 
0 10 ZO 30 LO 
Fiber Bundie Density (n) Bundales/Inch 


FIGURE 34 COMPARISON OF FRACTURE EN 
VARIOUS FIBER REINFORCING 
EPOXY RHSIN MATRIX, 


ERGY vs FIBER DENSITY FOR 
MATERIALS IN EPON 828 


6S 





TABLY 14 


SUMMARY OF VOLUME FRACTIGN OF FIBGRS!' CALCULATIONS 


Vp & NO FIBERS /UNIT AREA 


Web Thickness Tests: 
ei 40 Opera 100 
@i= .08 (OVT0e == 125 
@t = <06 HON Cee ead 67 
@t= .04 10/.0% x 1 = 250 


Fiber Density Tests - .08 Inch Web Thickness: 


ean = 10 iOy AGO serie = 125 
ean = 20 BOOS 5. n= 250 
Gn = 30 COR CG l=) > 


oa = 10 HO} 06 x 1 =2500 


Fiber Density Tests — .04 Inch Web Thickness: 


Cm = 5 Pye Oese 1 = 125 
ean = 10 NO Olmee 4 =5250 
een = 15 oy ae ee | = 8575 
mn 20 201 20 oe a) 500 





exrrw—es Ts ONY a Tur “7 AT he a vv TUG 1 Ta A rh : Ae 
XIMLVA NISEY 92Q NOdE GNV C4TH OVNIAVI NI SURETY HLOTO T8T SIALS -Sua 
“{2 §O NOTIOVUA EKAIOA NI QONVED HLIM SONVHO ZOWENA GUQUOVUS HO NOILVYINVA St GunoIg 


UW) 


ISAGTAT JO UOTZOeIT swWNTOA UT eSeaeTouT yusos9g 


. 


IGS O02 OCT OOT OS 0 


rites: 
COG C 


SeXy UT esueUD QUudso.iag 


at 


adn 


ABALOU 





OwATOA 
ZUBUD % 


nee tm tf i ' xt sys fj  . J 


oe. 





cot 
Cx) ' 
ot 4 
f=] © 


t} +1 


pi ©) 


rs/ 
ckne 


ibe 
L 


% Change Re 
Fi 


ie 
Vy 


web Tn 


J 


bs, lett 
A 


{ 


- 
7 
iy 
~_ 


“GLAS S 


ry 
os fe 


ad 


oot )6hChCUtUtt*~<“‘zWTS™*S~*~™C™CSNTCOCOC~C~C~C~*S a is Pi es 


LN 
at 
NX 


© 
& 
CA 


rN 
[™ 


cmt 


© 
GS 


c~ 


AN O UW oO Tan 


eu Cc tC LN 


i ot 


Kojo Sivoe lf UL OSes 10uy \uSoTSY 


P20e. 


250 


200 


OQ 
ios 
ro 


LOO 


f= 


a ~-t 


fe 
Ye 


Volum 


~ 


am) 
a4 


Sent imcredac. 1 


rer 


a 
© 
+ 
cl 
©) 
<i 
oe 
Fry 
fu} 
ok 
5 
4 
© 
— 
> 
eo 
4 
fx} 
Co 
= 
<1 
bd 
t+ 
©) 
em 
EH 
et 
< oe 
4 
tt Ff 
C520) 
Cf fr 
fx} (x 
=] 4 
2 {el 
ma By 
CO) r-4 
ao 
A Qu 
fx, 
~) 
rr. C~ 
tater 
{3 - 
ore 
oa 
ee 
at 
<i 
ark 
bj 
ee 
ZU 
O & 
ft fr] 
fae) 
<G jH 
ba 
Yr, 
<t fxs 
oD 
ND 
Cx} 
[1] 
% 
A 
as 
}-! 
fr, 





SoS NOdw 


i 
val ch he ce 
NOTDOVUS ANOTOA NI GONVHO HLIM ADYENG BUNLOVEA NI GONVHO Ni 


BeIOUT yUuso.Ied 


a 
Mee 


COT OS 


a 


COG OSC CCE OST 


oro 
QT HIALS 


SovG0-a LVTa 


SOUOU LOO: 


pue Bou Wee OT 
OF OALPETSY esueuD ¥ 


-Suqdira 
NOTGVIEVA 


SSouyo UY, aay 


HQ 


Q 


LEN 
MM 


a a | 
IN 
MN 
NI 


qUdaD Lag 


See ton 


- 
a 


ASL3suyg sanyoegy uy 


ae 





TADLE 15 


SPECIAL TEST SPECIIINY RESULTS 
CTEN MODIFIED RESIN MATRIX 


- OSS PA ODBC ee FS GT ENE OO OG 8 nO > RE iO OE ee Pd EE i et BR Be OP ee EB EEE OR EE, © Ot ee ee er 8 DE ee a we eee o oe 


Specimen Cast Matrix Fiber Fiber Crosshead vs a 
Material iaverial Density Rate CTBH cresleg’ 


(n) Tn /ikin- 107 


SOO LEI HOUSE ERR RH Oe OS Wy WR Sr Ot BT ER. REP, BA Dee Bi OE & FEO BL, OT DS TL EO RY OT Nee a a OS EE OE hE oe an Tg eC Oe eC tO ee Ee 


69 yh Ars oe 201 Ly 0 FZ tem 
70 34 1473 es ewee 704 Ly AoO aes. 
a > 1473 wo eone 01 S 165: seen 
19 DD L473 ee 201 8 S66: “see 

120 62 628 en eseu ool ie 17-60 onsen oe 

124 62 §28 oe wos 40 iA eae 


65 NO 4173 151 10 On 8 
66 15 473 1&1 10 007 § 
i222 62 828 181 10 «OT 10 
W235} 62 eco 181 10 001 10 
o> ws een 828 001 10 07 16 
ile ate es 825 001 10 sod 10 


S12 eae 


S506 Pac 
Piel Ful 
pGec) 
1340 | a! 
2G 


3300 


1S 13 


99 
123 
129 


M3 173 on 


sects 828 181 
oe 828 181 


LLO © O7 
LLO aon 
LO 005 


4473 161 140 «O14 8 


S 
10 
10 


35-80 
31.90 
Dn We 
39.60 


36c8 
3019 
Deal 
3.96 


NO Post CURE 








ppecimen Cest iatrix Peboer Hier Crosshead ye Pe 
Vaterierareria, Dencary (4) Rate ers ese” 
Bundles/In  In/iin x 10°? 


Cou SG 2m 8 OS Fe 





re ee Os 2-8. 8 ES a 





@ 208 OTR EIB > Ee OE Bt 8 eh ee ® oP Oo Oe 2 te ee OP. 


108 54 4473 a 0 204 eS aw wee x 
109 54 1473 bee 0 601 300) econ 
110 54 473 181 ‘Ome 01 8.650 .86 
ad 54 1473 181 10 01 8.100 81 


or Oe Rae EPO 8 POT Pe OR FOr eS een ot oO BIB Em 99548 


aye 





TABLE 15 (Continued) 


TREATED FIBER BUNDLES 


On 7 8 HE. EIR LET Ee eh ED ee My tt. Oa SS ee. OT wr Per Or te ory SD CSE re eet FP ee red RF ED Be ok Oat Me OAT IE)  ) e OE OR TR OE SR ee 


opec- Cast watrix Fiber Fiber Crosse ye 
imen HMate- Mate. Density head eres/on® Bundle Treatment 
i 


recie rel (n) Rate | 
Bundles/ In/itin 
ach 


reek vane FEL s FERS AE & ee, BR 8 CREE eB eee Oe ee ee A eRe, ee Eee Oe FORE EY Ce a aE 88 SW ET Dt © ne RP ee TE OD Lee te res OS OE Oe: Bas ME Ere 


ae 53 L473 181 10 204 6.73 Heat Cleaned 

ets 310 4473 151 10 07 ol Heat Cleaned 

124 oo) 44173 187 5 a0] Feo Paratian. Coaced 
25 30 44173 151 3 £005 S220 Paraffin Coated 
188 7119 1473 181 10 HOCS = 11626 Plastilease Coated 
i189 119 1473 181 10 Oo 17230 PIASti lease Coatea 


FLAT E-GLASS BUNDLSS TJISTED TO 3 TWISTS PER INCH 





ON wr OOS<28- A th TE RM I a” FOU EL TID SORT SE Se Mee IEE SS oo we ee a ad 








opecimen Cast Pei Fiber Ceosshead ys , 
Hiacerial Density Rate ergs/en® 
(n) x 107) 


CONT LR. a ES ee A a a EE Ee PR a a Ee eas ee PR re Cee OES FEE ES ORS PRT FPR ER, OS AP BO ES BU Oe SED 


ie 403 1473 20 001 21562 
ie 103 4473 20 0005 Aone 





NYLON 6 FIBER BUNDLES 
wpecimen Cast Matrix Fiber Crosshoad v 


ae 2 e 
Material Density Rate ergs/ cr 
(n) On 


CO SET CEE Fe Os tae OE SS FC re TE ie es RO te Fe EE lls BS Oe Be a Ee LTD OE Car a 
e 


194 ee 828 10 O71 19.60 
15 ee 828 10 0005) 16.08 


eae 





IV.  DESCUSSTON OF RESULTS 
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The results of the web thickness with no reinforcement tests for the 
two matrix materials indicate that there may be a change in the plastic 
SewormatiOn or viscous flow associated with the cleavage fracture of the 
Matrix as the web thickness is increased. The LAIINAC 4173 polyester resin 
exhibits an increase in fracture energy with increasing web thickness (+t). 
scuare centi- 


1 


& 
The average value of fracture energy is .48 x 107 ergs per 
meter over the range of web thickness from .04 to .08 inches. If the curve 
of measured values of fracture energy is extended to 2 weo thickness of .10 
. 1 ! ; :, 
inches, the average value for the fracture energy increases to .52 x 10 
ergs per square centimeter over the range of web thickness fron .04 to .10 


mie@es. lic maxitiw variation of the fracture energy from this averase 
Page ist .12 x 10° ergs per sousre centimeter at .10 and .04 inches web 
thickness respectively. 

The BPO 3828 evoxy resin exhioited a decrease in fracture enerzy with 
an increase in wep thickness. The average value of fracture energy over 
ie srange OL web thickness investigated is 2.7 xX 10? ergs per square centi- 
meter. The maximum varietion from this average value is % .7 ergs per 
scuare centimeter at .0/ and .10 inches web thickness respectively. The 
Iwo Matrix materials differ radically in cenavior with the polyester resin 
Peyin’ the preater plastic deformation or viscous Plow during fracture as 
the web thickness is increased. 

tne results of the web thickness tests of the two metrix materials 


Min Style 191 Clown glass fiber reinforcenent at a fiber density of 10 


lL. 





Memeles per inch indicate that the fracture eect & & is VervaciiLlar Tor 
the two Gvitemeny Meaurix systems, Botn the LAHINAC 4173 polyester resin 
and the BPON 828 epoxy resin systems show a decrease in fracture energy 
With increasing web thickness. This effect its similar to that observed for 
the epoxy resin withovt reinforcement as the web thickness wes increased. 
ine decrease in fracture energy associated with inercesing web thickness is 
much more pronounced for the epoxy resin matrix. Tnis is most probably due 
the reinforcing of like effects, both the reinforced and no:nreinforced 
Specimens exhibiting a decrease in fracture enerry with incressing web 
thickness. ‘the decrease in fracture energy with increasing web thickness 
for the reinforced polyester resin is not as pronounced cue to the off-- 
Setcuins effect of increasine fracture energy with increasing web thickness 
for the unreinfcrced polyester resin. The cecrease in fracture energy with 


t 


increasing web thickness can be associated with a decreasing volume frac-~ 


(12) 


at Ss Bee eee 


iMme@mmonr iiber reinitorcenent as suggestec by Cutwater and ‘urchy. This 


effect is to be expected as the fibers become the principle load bearins 


elements in the composite material as the volume fraction of fibers is in- 


o~ 


creased. The decreasing slone of the fracture energy curve with increesing 


4 toe! 


web thickness indicates that there may be some minirnun value of the frac- 
ture energy weo thickness relationship which would suggest some minimun 
volume fraction of fiber reinforcement which must be obtained before 
Significant effect on the fracture energy may be observed. This efrect may 


be more true for the epoxy than for the polyester resin. 
The results of the been height tests indicate that fracture energy is 


not a function of this parameter. The force-deflection curve chances with 


Bnereasine beam ner1eht, with preater force recuired for crack propegation 


Bs 





Boeuie Deum Neipnt incredses. The deflection required for crack proosgation 
in the composite system decreases with increesing beam height. As the .5 
inch beam height provides more than sufficient Jength of fiber necessary to 
Geveloo tne full strength of the fiber, the height of the beam vas not ex- 
pected to influence the fracture enorgy. 

The increasing of the fiber bundle density (increasing the volume frac. 
tion of fibers) by decreasing the spacing between the fibers has the sane ef- 
mecweas ancreasings the volume fraction of fibers by decreasing the tctal a- 


mount of matrix surrouncins the fibers but holding the fiber spacing constant 


(web thickness tests). However, decreasing the spacing between the fibers in- 


4 
Ab) 
oe 
ce 


creases the interaction between the bundles and, although the fracture energy 
increases, the amount is much less then was observed in the web tnickness 
tests for a doudling of the volune ireaCeloneGmecgoers, IniS 1S reagily appar- 
Sieeamerieure 35 for both the cpoxy and polyester resin wed thickness tests as 

ompared to the fiber density tests for specimens with a .03 inch wed thick- 
ness. The linear relationsnip between percentare increase in frecture energy 
With percent increase in volume fracticn of fiber indicates that the fiber in- 
teraction does not change as the volume fraction of fibers is increased by de- 
creasing web thickness for eitner of the resin materials. For tne specimens 
with a .03 inch web thickness, where the volume fraction of fibers was in- 
Sa-aoen bY increasing the ficver density, there is non-linearity to the curves 
Beepercent increase in fracture energy vs. percent increase in volume Irac- 
Bren Of tibers duc to the interaction of the fibers as the density is in- 
creased {spacing between fibers is decreased). This is not auite as appar- 
ent for tne polyester resin composite with the .04 ineh web thickness. 


The trend in the fracture energy of the various fiber-resin composite 





systems with increasing fiber density (volume fraction of fibers) may best 
be explained by the behavior of the composite eo curing crack propée- 
gation. When the deflection of the beams is increased, the crack in the 
matrix materiel propagates through the material, well ahcad of where the 
last fiber bundle has broken (Figure 1). As the crack in the matrix mate. 
rial passes the individual fiber bundles, the area of the specimen in the 
Ptematy of the bundle pegins to show a change in refractive index general- 
[eem@eeresvea as & waitening of the resin matrix (Figure 2). This change 
dmeretractive index appears to be a general fracturing of the resin matrix 
im and arounc the fiber bundle, and has been termed debondine for lack of 
ee eeer COscription. AS tne deilection of the beams continues, the de- 
bonding of tne fiver bundles can be observed to progress along the length 
of the fiber bundle. A chenge in the stress pattern along the fiter may 
be ooserved during tne debonding by the use of cross polarized light as was 
expleined earlier. Eventually, the fiber bundle fails and the crack in the 
matrix material again moves along the specimen. Failure of the fiber bun- 
die and subsequent crack propagation is evidenced by a dron in the load on 
the EISTRON recording chart (Figure 3). At low fiber density, the bundles 
tend to fail individually and the crack in the matrix progresses from fiber 
to fiber in a stick-~slip tyvce of benavior. As the fiver density is in- 
Breese, vie bundics tend to fail in groups with tne number of ficers rail- 
ing simultaneously increasing with increasing fiver density. It is signi- 
iiGant tasnote tnat the tip of tne crack in the matrix material is always 
several fiber bundles ahead of where tne bundles are failing, which imolies 
PMidctmuteweiress Concentration at the tip of this crack is not sufficient to 


Piece fon iiresoOt tie libers. Since this stress concentration does not con- 


at ie 





Pome tiomiraciuire process, the basic Grirfith Tneory does not apply to this 
type Oo: material. This wey be further substantictcd by the fact that the 
erack in the matrix material tends to propagate around the fiber bundles 


anda not through the matrix material contained within the fiber bundle. A 


ehevyron type pattern wnich is caused by this cehavior may be observed on 


P@ewireaculre surface or the matrix tiaterial. The actual distance that the 
matrix crack moves ahead of the last broken fiber apoears to be essentially 
Pemevelt 10r 2 particular fiber-resin combination and does not chéenge with 
aiereacing Tiber density. Ine number of fibers contained within the region 
between the last broken fiber end the tip of the crack in the matrix mate- 
Peeeeocs Change with fiver density. this results in a greater number of 
fibers carrying the load and experiencing the debondins phenomena sinulta-~ 
Meousiy 2S iiber bundle density increases, further resultins in « larger 


(2) 


Meeeerecorced On the Ji.STRO] chart wath increasine fiber density. 

As the crack in the resin matrix material passes the indivicual fiber 
Pindles, the bundles lose tne suopor’ of the matrix naterial surrounding 
them and become subject to a tensile form of loading. As the fivers are 
pulled 3 nsion by the deflection of the beams, they tend to elongate 
Which causes the deboncing noticed in the vicinity of the fiber bouncles. 
AS the cebonding occurs, tne acility or the matrix to transfer load from 
the matrix material to the fibers is seriously reduced in the debonced re~ 
gion cue to the general fracture of the resin system. As the restreint to 
fiber elongation is partially released by the fracturing of the matrix, tne 
fiber is free to furtner elongate causing the debondins to proceed along 


mae length of the fibers (Figure 33). 


The debonded recion surroundine the fiber bundles will extend some 
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distance away from the fiber bundles in a direction perpendicular to the 
length of the bundles (Figure 39). This will be termed radial debonding 
melyine devondine in & direction corresponding to the radius or the fiber 
Mmuetle 20 a Deruicular cross section. the extent of this debonding is a 
mumeciol Of the characteristics of the particular fiber bundle and resin 
Matrix materials. Qualitatively, the distance that a fiber bundle will de-~ 
bond z2lone ts length, as well as the distance of debonding around the 
@eees SECtiOn of the fiber bundic appears to be constant for a particular 


Pieer-resin composite and does not vary with the density of fiber bundles 
(n) contained in the specimen. There mry be some finite relationship be- 
tween the amount of debonding along tne length of the fiber end the extent 
of the radial debonding. As the fiber is extended by the disvlacement of 
tne deems, it deponds alons its lensth. Further extension causes the resin 


fewer wWavcrial to want to be pulled towards the fracture suriacc by the 
x y 


fiber, subsequently increasing the extent of the radial devondings (rigure 
$ a € fee — 


I-ty 


33). For this reason, the extent of radial debonding appears to be great- 


Seeieer tne matrix fracture surface, and decreasing alons the length of 


the fiber away from this surface. in general, the greater the extensibil- 
ieevo iracture of the fiber and the more brittle the resin matrix, the 
preaver will be the amount of debvondine. Tne polyester resin, whicn was 
the more brittle of the tio resins used as matrix materials, always ex- 
hibited greater debonding when tne sane fiver was used as reinforcement in 
the two resins. | 

The load carrying capability or the fiver-resin composite is a func- 


tion of the bonding between the fibers and the resin and the shear strengt 


of the resin. The bonding between the fiber anc the matrix may be either 
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Gronical, mecnenical, 
resin al the interfa 
ffesitber lonztn, tne lower tne sh 
the extent of debonding. 


As the load carrying capabili. 


eeca by the debondcing of the fibers, the strain in the fibers is 


Pur the: 
peeeene in further debonding. 
reauc 


Meee tured matrix material is 


Pero. Ihe devonding process will 


Meee such timc as there remains 
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Se a Como a1ation OL 


TOAeCSC. 


ce will greatly influence the extent of deoonding along 


ear stronsth of the resin, the greater 


ty of the fider-resin interrace is i'e- 
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GCeCErCceor 


MCeT lection oO sLae@mbpeaic G2usces 1nereacca strain in the fibers re-~ 


PhEIOuUeaetde lord Carryines capability or the 


ed py debonding, it is not reduced to 


Coremuewctoie vic length of the fioers 


i) 


Suliicicnt load transference octween the 


Matrix and the fibers to enaole the fibers to reach the strain necessary 
for fracture. This occurs somewhere alone the length of the fiber in the 


Seconded rersion. 


We exelent Oo. a 


leooncaing of a 


creasingly important as the fiber 


fibers is decreased). 
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the overlap of the radial debondins bec 
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Set lCcri0on is increased, the natrix 


will begin to pull 


MOr taiws ra 
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fioer in Par sad aL rection becor 1if@S in- 


density is inercased (distance between 


une extent of radial debonding associ. 

particular resin matrix, the lover the 

Gial. debonding to ovegin interacting in 
(ee eelMer Gena tiy elo) turvuner Ancreases, 
mes more extensive. This is mani- 


Timi pe unecm 11bers,. As the bean 
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rial that nas generally fractured 


avay Irom the intact matrix due to the elongation of the 


Per sesivins 2 vyoC Of CUD ana Cone enoearance to the fracture surface 
between fioers. The density of fibers at which the fiber radial debonaing 
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overlap begins to occur is a function of the brittleness of the resin ma~ 
trix and the extensibility of the fibers. 

The ability of a particular Titer-resin composite to exhibit a large 
fracture toughness is prinerily linked to vhe ability of the composite sys-~ 


ae 


tem to have a large number of fibers carrying the losd at any given tinc. 


& 
This may be accomplished by havine the crack in the matrix proceed 
ahead of wnere the last fiber has broxen leaving a large nunber of ee 
bearing fibers in the resulting interval between the last brokcn fiber and 
Piemwerack tip. inis type of bshaviior is exnibited by both the Thornel end 
the Monsanto fibers in the epoxy resin matrix where even at low fiber den- 
Sity, there are a large number of load bearing fibers. The Thnornel fibers 
do not exhibit the type of debondinz, either radial or along the Jensth of 
the bundles, normally exnivited by all of the fiber bundles used in the 
test specinens. 

es 


Tne Ouner most sicnificant mnecnanism in the fiber-resin composite sys~ 


ev 


4 J. 


tem's apility to exhibit a hish fracture toughness is the extent of radial 
gebonGgins. With little racial dedcncing, the fibers tend to act individu- 
iPerauier tian es erouns resulving in a much lover percent increase in 
fracture toughness With increasing volume Trection of Iiber percentage. 
Radial debonding weakens the matrix structure suffieiently to allow the 
fioer bundles to more evenly earry the load by having a more nearly caual 
Strain. This tyoe of behavior is exhibited in varying degrees by any of 
the glass fibers in the vcolyester resin, and also oy tne Beta-glass and 
Gilat H-elass fibers in the evoxky resin system. This ability may be evi-- 
dencea by the shalloy slope or the flattcning of tne fiber contribution to 


Pie aracwure enersy curves with increesine fiber density. 


naan 





Any property of the fiber such es surface coatings an 
Prot which increases the amount of debonding of the fiber will serve to 


increase the toughness of the composite system at low fiber densities. 


So. 





V._ CONCLUSIONS 


Due to the fact that the crack tin in the resin matrix material is 
generally at some distance ahead of the point wnere the last fiber hes bro. 
fweeuie Stress concentration at the tip of the crack is not sufficient to 
cause failure of the total comoosite system. Therefore, the basic Griffita 

Mmeory O1 briattic fracture is not applicable to fiber reinforced resin come 
posite matcrials. 

Fiber ocundle devonding appears to oe a function of the resin-ficer 
bond, the extensibility of the fiber and the snear strength of the resin 
Matrix. Ine extent of radial debonding may be of more importznce than the 
extent of deoonding along the lengtn of the fater. Radial debonding will 
Getcrmine the ability of the individual fibers to act together in groups 
an carrying the load resulting in a significant increase in the fracture 
Sferey. Ine extent of radial debondins will determine the fiber bundle 
density at which significant increase in fracture energy will be exhibited. 

For fiber bundles wnoich exhibit low extensivility or strain to frac- 
ture, the principle fracture toughenins mechanism appears to be the ability 
©ietne fiber-resin composite syste to propagate the crack in the matrix 
iageanead of woere tne fibers are Dresiiine, This will give rise to a large 
numocr of load bearing fibers at any time. These fibers generally exhibit 
Mery lictic if any racial debonaing and there fore tend to act more as 
fmervrcueal tyoer bundles rather than as grounos of bundles. This type of 
toughening mechanism gives rise to a smaller percentage increase in frac- 


ture energy with vercentage increase in volume fraction of fibers than is 
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associated with bundles which redially debond. 

Fiber-resin composite combinations wnich exhibit a flat fiber contri- 
Purdon tO iracture energy vs. iiber bundle density curve will exhibit the 
preatest percent increese in fracture enerey witn percent increase in vol- 
ume iraclion of ficers. These comoinations are generally characterized by 


3 


composite systems which exnibit significant radial debonding. 
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Vi. RiCO“IeNDATIO'S 
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Or ee Be 


Investigate the debonding process further using a particuler fiber with 


S 
Various surface coetings to promote or inhibit fiber debonding as an 
attempt to further determine the contribution of this mecnanism to the 
iracture toughness of fiber-resin composite materials. 

Investigate the effect of additional plies of fibers on the fracture 
energy of the fiber resin composite system. 

ia possible, anvestigeve tne eitecct of fiber extensibility using a fi- 
ber in which other properties such as geometry, modulus, and strength 
Way be held constant while extensibility is varied. 

Miicroscooy studies to further determine the interaction and effect of 
the radial debonding around the fibers. 

Microscopy studies to determine the relationsnip between radial debond-- 
me and devoncine along the length of the fibers, if any such relation- 


shiv exists. 
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Castings 
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APPPNDIX & 


eh te, ee 


SPECTNEA Pi ba RATION 


Net Be Aad, 


ere prepared in the following manner: 

Two 12 inch x 12 inch x 1/4 inch glass plates are coated with mold 
release. The inner edges of the .25 inch thick neoprene edge 
sealing gasket are also coated with the Sane mold release 

3mm (.118 inch) diameter kyrex glass rods approxinately 8 inches 


long are used to space the fiber bundles avay from the surface of 
the glass plates. For an epoxy matrix casting, two of the above 
glass rods are spaced aporoximately 1/2 inch apart in a position 


fs 


approximately ? fie incnes from one edge of the plate. Two more 


of the glass rods sre spaced about 1/2 inch apart and positioned 
approximately 4 inches fron the first pair. These rods are then 


taped to the plate usinz trensdarent tape. (Figure f-1) 

For a polyester matrix Specimen, single glass rods vice pairs are 
placed in epproxinately the same location as the pairs. 

A strip of graph pever approximately 5 inches long by i/! inch 
wide with 20 divisions per inch is taped to the plate outside each 
pair of glass rods. (Figure 4-1) 

Strips of double stick trens Sparent tape are then taped to the 


glass plate outside the eUide Strips. 


* 


Boer Duncdics are siretcned scr oss the glass rods and taped to the 
Hemme stick tape Aubtie osived Spacing. Additional trensnarent 


tape is then placed over the ends of the fibers to hold them in 
place. Fibers are placed in the center /! inches of the lenzth. 
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APPENDIX A (Continued) 


For an Gnoxy aievrix casting, 4 auick settins polyester or epoxy 
resin 1s poured into the gap between the pairs of glass rods to 


oe ] 


hold the fibers in place during the oven cure CVeUG. = oi 5 1s 


es 


necessary as the transvarent tape softens during heating and a 
lows the fiber bundles to move if they are not secured by this 


e 


additional resin. This is not reautred for Polyester malirixcicast-. 


ings cured at room tenperature,. 

when the resin used as a hold-down for the fibers has cured, the 
> Inch some See sealine gasket is placed on around three 
eages or tne plate. The second plate is then placed on the gasket 
and spring clamps ere placed around the three sealed SCO Ge ey ici 
bers should be oriented perpendicular to the open eae of this 
mold. 

Hpoxy resin (SPON 828 with 5) Curins Agent D) or polyester resin 
( LANINAC 4173 with 24 MEK peroxide) is prevared, the mold is 
placea vertically with the unsealed @ufciau we top, and the de-- 
sired resin is poured slowly into the mold. 

Polyester resin castings are allowed to cure overnight at room 
temperature. Epoxy resin castings are cured in an oven for two 


hours at 100° C, 


® 


ft 


bost cured for two hours at 120° Card 


i 


Bouk resin castines are 
allowed to cool to room tenverature in the oven, 
Castings are then renoved frou the mold and test soeciens are 


aachined from then. 
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APPENDIX A (Continued) 


opecimens are prepared as follows: 
Two specimens are rough cut from the casting and trim.ed to a ie2 


’ 


Peiesoeod rOuULer. 


a 
ne 


inch final wich wsine 
Specimens are then cut to a 7 inch leneth using a bandsaw. The 
fibers should be spaced equally about the center of the lengitn. 
Two 1/8 inch diameter holes are drilled approximately .2 inches in 
from one end and .2 inches from the top and bottom edges of the 
specimen. These noles are drilled to receive the loading pins. 
Finally, the slot is cut with a .006 inch thick screw slotting saw 
(2 1/4 inch diemeter, 60 teeth) on a millinse machine. The blade 


t 


rotates at approximately 175 rpm, and the specimen is fed past the 
blade at approximately 1 1/8 inches per minute. A lubricating 
fluid is sprayed on the olade and the specimen during milling to 
reduce blade friction thereby reducing any teriperature rise in the 
specimen. This allows tne desired depth of the slot to be ma- 
chined in one pass. After the sices have been slotted, a crack is 
machined at one enc of tne snecimen by increasing the deptn of tne 
slots until they intersect. The lengtn of this crack is one inch 
and is called a "Stiallow tail" cut. The specimen is then washed 
clean of tne luoricant and tne slot cleared of water with cone 
pressed air. (Figure A=2) 
Striv Modified Cleavese Svecimens are prepared as follows: 


A metal tnat would remain elastic under the conditions of the test 


Was require. A I-/7075 #ticlad alurinul:s was found to satisfy these 


ZOD. 





2) 


ly) 


rs 


6) 


‘TY. % 5 = 7 \ 
APPENDIX A (Continued) 


~ 
~ —e: 


Conditions. 

The alwninun was machined into strivs 7 inches long by .4+ inches 
Wilde. 

The face surfaces of the test specimens were thoroughly cleaned of 
mold release using @ fine Sandpener, as were the faces of the alu- 
minum strips. The strips were then banded to the speciinen using 
an epoxy adhesive, EPOXTPATCH. (Figure A-3) 

the strins were clemped to the svecinen using soring clips until 
the adhesive had set. 

Lo2zding pin holes were then drilled as in the unmodified specimens. 


Tne crack guide slots and "stiallow tail" cut were machined in the 


specimen orior to the addition of tne aluminum strips. 
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APPENDIX _¥ 


PROPERTIES OF MATERIALS USED IN DOUBLE CANTILEVER BEAM SPECLINNS 


Bet LD OES EE 2 AGU ee Shee > ote wud Gi & 


Resins: 
1) LAMINAC 1173 Polyester Resin (American Cyanimid Company) with 2 
percent Methyl Ethyl Keytone Peroxide curing arent. 
UAMIKAC 4173 Resin: 505 ALKYD 
503 STYRENE 
20159 Cobalt Metal as Napthenate 


Young's Modulus: 4.63 x 402 psi 


Tensile Strengetn: 5500 psi 
Shear Strength: 1000 psi 


2) EPON 828 Epoxy Resin (Shell Chenical Company) with 5 percent Cur- 
Agent De 
Young's Modulus: 466 x 10? psi 
Meioite sureneiuns 9 10.35 x 10° psi 
Sheer Strength: 2500 psi 
Fiber Bundles Used as Reinforcenent: 
1) E-Glass Fiber Buncles. 
Properties of HeGlass Fiber Bundles: 
Young's Modulus eae: 40° psi 
Tensile Strength: 340 x 102 psi 
Elongation to Fracture: 4.8% 


é 


Density: 2.54 ems/ea 





APPENDIX B (Continued) 
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Fiber Bundles Used: 
a) Bundles extracted from Style 181 cloth of circular 
eross section (Stevens Fiberglass). 
Bundle Giemeter: 12.6 x 107° inches* 
b) Bundles of flat rectangular cross section (ribton). 
pundle cross see tion cinensions : 
Rema by i.10 x 107° inches* 
c) Single filaments of circuler cross section. 
Filament diameters: {x 10°° inches 
5 x 1073 inches 
2) Nylon 6 fiber bundles of circular cross section (Ouens Corning 
Compeny). 
Young's Modulus: 800 x i0? psi 
Tensile ~Strenetns 112°x% 103 PSL 
e ' m a” a 
NNGneerOmmco Frecitce: 2Uo 
Density: 1.14 ens/en3 
igh 3 2 a es) . =a 
Buncle Diameter: 16.5 x 10 ‘ ancheos* 
3) Beta Glass fiber bundles of circular cross section (Ovens Corning 
Company). 
Young's Modulus: Oo Or 3S]. 
Tensile Strengin: 3.13 x 102 psi 
Hlongation tO fracture: 3.4% 
Density: 2.54 ens fen 


BN eta 
Bundle Diameter: 9.85 x 107° inches* 





APPENDILA B  (Continued) 
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1) Thorne 50 Graphite fiber bundles of circular cross section 
(Union Carbide Company). 
Younes ijodullus: mee 10° psi 
Tensile Strensth: 255 x 102 OSL 
Elongation to Frecture:  . 5% 
Density: 1.63 ens/e2 
Bundle Diameter: 22.1 x 107 inches* 
5) Monsanto Type I--2 synthetic fiber bundles of circwlar cross 
section (lonsanto Chenicel Compan). 
Young's Modulus: 12.6 x 106 psi 
Tensile Strength: 216 x 10° psi 
HlGMieetion coerracture: 2354 
Density: 1.5 ms/en3 


My 


Bune Ves iamelegs 22.4 x 10 anches™ 


* as measured 
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